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RESEARCH MEMORANDUM

HIGH-ALTITUDE PERFORMANCE OF AN EXPERIMENTAL
TUBULAR PREVAPORIZING COMBUSTOR

By Helmut F. Butze

SUMMARY

In an investigation aimed toward improving the combustion efficien-
cy of turbojet combustors at high altitudes and high air-flow rates, an
experimental tubular combustor was developed that provides for prevepor-
izing and premixing of the fuel with a part of the alr before its intro-
duction into the combustion zone. Combustion efficliency and total-
pressure loss data sre presented for three conflgurations selected from
e total of 43 different modifications investigated. The data were ob-
tained for a range of fuel-air retlos at inlet-alr conditions simlating
operation of & 5.2-pressure-ratio engine at a flight Mach mumber of 0.6
and at sltitudes of 56,000 and 70,000 feet.

The best modification developed incorporates (1) a swirl generator
for mixing the fuel and e portion of the alr entering the combustor, and
(2) gradual admission of addltional air into the combustion zone. Maxi-
mum combustion efficiencies slightly greater than 90 percent were ob-
tained with the best configuration at all combustor-inlet conditions
tested. Use of gaseous fuel (propane) did not generally increase com-
bustion efficiencies over those cbtained with liquid fuel, indicating
that factors other than vaporizatlon rate were i1imiting meximmm combus-
tlon efficiencies obteinable with this combustor.

Combustlion efficiencies obtained with the best experimental combus-
tor were appreciably higher, in the low fuel-air ratio renge, than those
obtained with a production-model combustor of the same dismeter; at high
fuel-air ratios the differences were small. Total-pressure losses of
the best prevaporizing combustor were somewhat greater than those of the
reference production-model combustor. Low-altltude performance of the
experimental combustor wes not Investigated; thus, 1ittle l1s known re-
garding its durability or carbon-deposition characteristics.

UNCLASSIFIED
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INTRODUCTION

Improvement in the combustion efficiency of turbojet-engine combus-
tors at low pressures and high eir-flow retes is the objective of a re-
search program being conducted at the NACA Lewis leborastory. As a part
of this research, a number of design principles relsting to the fuel-air
environmment of the primary combustion zone have been investigated. The
object of the investigetion reported herein was to evaluate the merits
of a combustor design that provides for prevaporizing and premixing of
the fuel with elr before 1ts introduction into the combustion zome.

Design criterlia for optimum combustion efficiency performance cen
be established through investigations of the various factors controlling
the fuel-air enviromment of the combustion zone. Thus, the optimum man~
ner of introducing primary air intc the combustion zone has been studied
extensively (e.g., ref. 1). Improvements in liquid-fuel distribution,
such as through fuel staging, have Increased combustion efficiencies of
both tubular and annular combustors (refs. 2 and 3), especially at high
fuel-air ratios and high sir-flow rates. In addition, prevaporization
of the fuel (ref. 1) and control of the primary fuel-air ratio, as well
as combinations of the two (ref. 4), have improved combustor performance.

In the present investigaetion, a combustor was developed that uti-
lizes & prevaporization technique somewhat similar to that used in refer-
ence 4. Liquid fuel is injected into the primary-air stream shead of the
dome of the combustor liner. The resultant mixture then Impinges on the
upetream surface of the combustor dome which is exposed to flame on the
downstream side. Independent control of primary- and secondary-air flows
is not incorporated into this design; proportioning of the air depends
upon the passage aress.

Forty-three different design modifications were investigated. How-
ever, since most of the individual changes affected the performance of
the combustor only slightly, three modifications, each representing major
deslign features, were selected for presentation in this report. The in-
vestigetion was conducted in a direct-connect duct with a 7-inch-diasmeter
tubular combustor; MIL-F-5624A, grade JP~4, fuel was used. Combustor
inlet-alr conditions simlsting reduced throttle operation of a 5.2-
pressure-ratio engine st a f£flight Mach npumber of o. 6 and at altitudes of
56,000 and 70,000 feet were investigated.

Performance factors investigated were combustion efficiency, oper-
ating range, and combustor pressure losses. A comparison is made between
the performence of the best configuration operating with liquild and with
gaseous fuele (propene) in order to indicate the effectiveness of the
prevaporizor. In addition, the performance of the best modifilcation is
compared with that of a production-model tubuler combustor (ref. 5) of.
equivalent size. . S
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APPARATUS
Test Installstion

The combustor test facility is shown schematlcally in figure 1.
Combustor-inlet and -outlet ducts were comnected to the lgboratory air-
supply and low-pressure-exheust facilities, respectively. Air-fliow
rates and combustor pressures were regulated by remobely controlled
valves located upstream end downstream of the combustor. The combustor-
Inlet air was prehested to the desired tempereture by electric air
heaters. :

Instrumentation

Alr flows were metered by concentric-hole, sharp-edged orifices in-
stalled according to A.S.M.E. specifications. Liquid and gaseous fuel
flows were measured by calibrated rotameters and callbrsted sharp-edged
orifices, respectively. The location and arrangement of the inlet-alr
and exhasust-gaes instrumentation planes are shown in figure 1. Inlet-
alr and exhaust-gas total pressures were determined by two slx-point
total-pressure rekes at stations A-A and D-D (fig. 1), respectively.
Inlet-air and exhaust-gas total temperatures were measured by two bare-~
wire, single-junction iron-constantan thermocouples at station B-B and
by eight single-shielded, two-point chromel-alumel thermocouple rekes
gt station C-C, respectively. The exhsust-ges thermocouples were con-
nected in a parallel circuit; by mesns of a sultable switching arrange-
ment, either individuel measurements or an average measurement of the 186
thermocouples could be obtained.

Combustors

The investigetion was conducted with tubular combustors with 7.0-

inch-dlameter oubter shells and 5§-inch—diameter inner liners. Sketches

of three combustor configurstions used are shown in figure 2. The com-
bustor liner was 20 linches long, and the distance from the epex of the
dome or flame holder to the plene of the exhaust-gas thermocouples was

28 inches. The fuel Injector was located 5% inches upstream of the
apex of the dome.

The primary or combustion alr for the experimentsl combustors
flowed through a 3-inch-diameter pipe; fuel was sprayed into this eir
stream from & 15.3-gallon-per-hour hollow-cone spray nozzle in & down-
stream direction (fig. 2). The resultent mixture of fuel and air im-
Pinged on the cone-shesped dome or flame holder at the upstream end of
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the combustor and then entered the combustion chamber through an annular
passage between the liner and the dome. A spark plug ignited the mix-
ture (fig. 2). Secondary or dllution air entered the combustor through

four 5%-'by l-inch-wide rectangular slots located at the downstream end

of the combustor.

Design varlables that were investigated related primerily to the
way in which the fuel-air mixture was introduced into the combustion
zone. They included (1) size of annulue between dome and liner, (2)
shape of dome, (3) shape and number of reversing scoops used to direct—
a portion of the mixture into the sheltered region behind the flame
holder, (4) length and location of truncated-cone baffle used to direct
the mixture toward the center of the combustor, and (5) location and
size of combustion-alr entry holes. A total of 43 design modifications
were tested during the investigation. The combustor configurations
shown in figure 2 were selected for discussion in this report, because
they represented the major design features investligated; they include
the best configuration developed in the investigation. The distinctive
features of these configurations are as follows:

Configuration I. - This combustor (fig. 2(a)) utilized complete
separation oI primary and dilution air; thus, all the combustion air was
premixed with the fuel.

Configuration II. - In this combustor (fig. 2(b)) 24 holes of 5/8-
inch dlameter were drilled in the liner in order to provide & gradual
admission of additional combustion alr. At the same time, the minimum
diemeter of the truncated-cone baffle was increased, and the downstream
lips of the reverslng scoops of confligurstion I were cut off to direct
the fuel-air mixture away from the dome and thus to prevent excessive
cooling of the dome surface by the unburned mixture.

Configuration III. - In this combustor (fig. 2(c)) the reversing
scoope and trunceted-cone baffle were replaced by a swirl generator in
an effort to increase the mixing action in. the wake of the dome. The
number and location of the alr-entry holes were the same as in configu-
ration IT. A cutaway view of configurstion III is shown in figure 3.

Fuel

The liguid fuel used in this investigation was MIL-F-5624A, grade
JP-4. Physical properties of the fuel arxe presented in table I. The
gaseous fuel weas commerclal propane.

T b
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PROCEDURE

Combustion efficiency, total-pressure loss, and temperature distri-
bution date were cobtained with the three experimental combustors over a
range of fuel-sair ratios at each of the followling test conditions:

Condi- | Combustor-~ Combustor- Alr-flow rate Simlated £light
tion inlet total | inlet total | per unlt com- altitude at 85-
pressure, tempersture, | bustor aresa®, percent rated
in. Hg =@bs oF 1b/(sec)(sq £t) | engine speed,
£t
A 15 268 2.78 56,000
B 8 268 1.49 70,000
C 15 268 2.14 56,000
D 15 268 3.62 56,000

8Based on meximum cross-sectional aree of combustor housing
(0.287 sq ft).

These conditions similate inlet-air conditions encountered in a
5.2-pressure-ratio turbojet engine operating at 85-percent rated speed
et a flight Mach number of 0.6 at the altitudes listed. Alr-flow rates
at conditions A and B gsre representative of current turbojet engines,
while those at conditions C and D are aspproximstely 23 percent less and
30 percent greater than those used in current engines, respectively.

Combustion efficlency wes computed as the ratio of actual enthalpy
rise across the combustor to the enthalpy supplied by the fuel, accord-
ing to the method described in reference 6.

Combustor reference velocitles were computed from the air mass-flow
rates, the combustor-inlet density, and the maximim combustor cross-
sectional area. The total-pressure loss is expressed as the dimension-
less ratio AEYqI, where AP is the combustor totel-pressure drop and

4, 1is the reference velocity pressure based on the velocity and density
of the combustor-liniet air at the reference plane.

The radial temperature distribution at the combustor outlet was
determined at agll test condlitions for two values of combustor tempera-~
ture rise (680° and 1180° F). In addition, combustor lean and rich
blow-out limits were recorded whenever they were encountered within the
range of fuel-glr ratios investigated.
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RESULTS AND DISCUSSION
Combustor Development

The object of the investigatlon reported herein was to-evaluate the
merits of a combustor design principle that provides for prevaporizing
and premixing of the fuel with & part of the alr before its introduction
into the combustion zone. In order to develop a combustor that glves
high combustion efficiencles, 43 different modifications were lunvesti-
gated, most of which were aimed at increasing (1) the rate of fuel
vaporizaetion by promoting higher temperastures on the vaporizing surfaces
and (2) the rate of mixing of fuel and air with a minimm loss in pres-
sure. Since most vf the individual chenges affected the performance of
the combustor only slightly, three configurations representing signifi-
cant design changes were selected for presentstion in this report. Per-
formance data for these three conflgurations are presented in table-I1I.

Configuration I. - In configuration I (fig. 2(a)) all the primary
air was Introduced with the fuel. The quentity of air introduced in
this way was approximately 25 percent of the total sir flow to the com-
bustor, based on relative areas, but was not controlled independently.
Combugtion efficiencies obtained with this configuration at the four
inlet-sir conditions are shown in figure 4. In general, combustion ef-
ficiency varied between approximately 70 and 90 percent at conditions
A, C, and D (56,000 feet altitude) and between approximately 54 and 67
percent at condition B (70,000 feet altitude). The performance of this
combustor was very limited at low fuel-alr ratics. At conditions A, C,
and D, combustor blow-cut or repldly decreasing efficiencies occurred
at fuel-alr ratios slightly less than 0.01. At condition B, combustor
blow-out occurred at a fuel-air rstio slightly less then 0.018.

These results indicate that the primery-zone fuel-sir ratlo was too
lean for optimum performance because of elther insufficlent fuel vapor-
ization or excessive amounts of primsry ailr. The temperature of the up-
stream face of the dome, as indlcated by an iron-constantan thermocouple
welded to the dome, was quite low, generally less than the combustor-
inlet temperature. This wes an indication that the dome was not very
effective in vaporizing the liquid fuel impinging on it. Although en-
richment of the primary zone by reducing the amount of primary air in-
troduced would be expected to improve the lean-end performance of this
combustor, figure 4 shows that at high fuel-air ratios combustion effi-
clencies decreased, Indicating that a reduction in primery air would
seriously reduce combustion efficiencies in this region. Furthermore,
since at high fuel-alr ratlos surging combustion and burning at the
secondary-slr slots was encountered with this configuration, further
reduction in primery alr d4id not seem warranted.

3461
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Configuration II. - In configuration II a series of holes was add-
ed to the liner (fig. 2(b)) to provide a more gradual admission of pri-
mary alr. The downstream lips of the reversing scoops were cut off,
which sllowed the gases to be directed away from the dome. In addition,
the truncated-cone baffle was shortened somewhat in order to reduce the
constricting effect of the bhaffle and thus to induce more reverse flow
into the primary zone. Because a number of lntermediste changes in the
shaﬁe and surface details of the dome, designed to increase the heat-
transfer rate through the dome, produced no notliceable improvement in
combustor performance, the dome of configuration I wes retalned for
configuration IT.

Combustion efficiencies obtained with configuration II (fig. 5)

were generally higher than those obtained with configurastion I, verying
between approximately 82 and 90 percent &t conditions A, C, and D. Also,
at these conditions the range of operseble fuel-air ratios was extended
appreciably in the lean region. At condition B, combustion efficiency
decreased from approximately 93 to 72 percent as fuel-alr ratio was in-
creased from 0.012 to 0,026, indicaeting some over-enrichment of the fuel-
air mixture in the primery zone at this condltion.

Combustion was generally stable, and no surging was encountered.
Furthermore, dome surface temperatures were appreciably higher with this
combustor than with conflguration I, indlcating that the modificstlons
of the reversing scoops were effectlve in reducing the scrubbing action
on the downstream surface of the dome. '

Configuration III. - Further modificetlions were made on configura-
tion IT in an effort to increase the over-all level of combustlon effi-
ciencies obtalneble. Configuration IIT incorporated & swirl generator
at the upstream end of the combustor (fig. 2(e)). This swirl generator,
which replaced the truncated-cone baffle and the reversing scoops, was
expected to increase the rate of mixing and the intensity of reverse
flow in the primery-combustlon zone. The results obtained with this
conbustor are shown in figure 6. Combustion efficiencies were slightly
higher than those obtained with conflguration ITI, maximum efficiencies
slightly greater than 90 percent being obtained at all coddlitions. Dome
surface temperatures were somewhat higher than with configuretion II, =a
fact which may have contributed to the somewhat better performence of
configuration IIT. In genersl, modification IIT performed. satisfacto-
rily; no rough combustion was observed &ver the entire range of condi-
tions covered.

Comparison of Liquld and Gaseous Fuel

It had been observed that dome surface temperature generally de-
creased with increasing fuel flow, from values as high as 800° F at low
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fuel-gir ratios to values less than inlet-air tempersture at high fuel-
air ratios. These data indlicate that, at high fuel-air ratios, the fuel
was not completely vaporized at the dome surface. In order to determine
the effectiveness of the prevaporizer, the performance of configuration
III was determined with gaseous propane a&s well as with liquid JP-4 fuel.

Comparison of the-performance of configuration IIT with liquid and
with gaseous fuel (fig. 7) shows that, in general, combustion efficien-
cles obtalined with propane were no higher than those obtained with lig-
uid fuel. These results indicate either that the fuel was completely
prevaporized and other factors were limiting the maximum performance of
this combustor or that complete prevaporizetion of the fuel was-not es-
sential. The fact that, with liquid fuel dome surface temperatures de-
creased with increasing fuel-ailr ratio while with propane they remsined
fairly constant may be taken as an indication thet prevaporization of
the fuel was not complete at all fuel-air ratios.

3461

Combustor Total-Pressure Losses

Combustor total-pressure losses of configuretion III are presented .
in figure 8, where the ratio of total-pressure drop to the reference
dynemic pressure .AEYqT is plotted against combustor~-inlet to -outlet

gas-density ratio. Pressure drop ratio .A;P/q,r increassed from a value

of approximetely 17 at isothermal conditions to-a value of 23 st a den-
sity ratio of 3.2 for conditions A, C, and D. At the low-pressure con-
dition B, the pressure drop was somewhat higher, as has been chserved
previously (e.g., ref. 1). For comperison, the isothermsl AEYqT values

for configurations I and II were 17.6 and 15.2, respectively. The dashed
line in figure 8 represents the pressure drop of a tubular production-
model combustor of the same diameter. The total-pressure losses of the
production-model combustor are somewhat lower than those of configuration

IIT.

Combustor-Outlet Temperature Distribution

Combustor-outlet temperature profiles were recorded at two values
of temperature rise (680° and 1180° F) wherever possible. The secondsary
cormbustion zone was provided with lsrge rectangular slots (fig. 2) for
the purpose of obtaining a uniform tempersture profile. As a result,
individual combustor-outlet temperatures were generally within x200° F
of the mean temperature. No effort was made to improve further temper-
ature distribution, even though in some cases, probaebly because of mis- .
alinement of parts, individual temperatures varied by more than 200° F
from the mean.
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Evaluation of Experimentel Prevaporizing Combustors

The combustion efficiencies obteined with configurations I to IIT
are presented in figures 4 to 6, which indicate that configuration IIT
produced the highest combustion efficiencles of all the models selected.
Maximim combustion efficiencies slightly greater than 90 percent were
obtained at all test conditions. In figure 9, combustion efflciencies
obtained with configuration III are compared with those of a tubular
production-model combustor (ref. 5) of the same diameter. At the low
fuel-alr ratios, configuration III produced considersbly higher combus-
tion efficiencies than the production-model combustor. At high fuel-
air ratios, the performsnce of the two combustors was about the same.
However, i1t should be noted that the productlion-model combustor was de-
signed on the basls of other factors not considered in the present in-
vestigation, such as low-altitude operation, sterting, durebility, and
carbon-deposition characteristics. Furthermore, previous experiments
have shown that similar improvement in the low fuel-gir-ratioc range per-
formance of the production-model combustor cen be obtained by relatively
simple modifications, such as installation of fuel dams to prevent fuel
wash along the liner walls (ref. 5). Thus, the dashed line in figure 9
shows combustion efficiencies obtalned with the reference production-
model combustor equipped with fuel dams (data from ref. 5). There is
very little difference between the performance of the modified production-
model combustor and that of the experimental prevaporizing combustor des-
cribed herein.

In reference 4 an experimental combustor was developed with design
objectives similar to those described herein. In the combustor of ref-
erence 4, the major portion of the fuel was prevaporized on the external
surfaces of the primary-combustion zone and premixed with air before
entering the primary zone. The remainder of the fuel was injected, as
a liquid spray, directly into the combustion zone for starting and pilot-
ing purposes. In general, combustion efficiencies of the best configu-
ration from reference 4 were slightly higher than those of configuration
IIT. The slight improvement in performance might be attributed to the
larger diameter of the combustor of reference 4. It has been observed
(ref. 1) that increases in the hydraulic radius of combustors tend to
increase theilr combustion efficiencies.

Thus, the results obtained in this investigation indicate that fuel
preveporization and premixing cen be utilized to produce high combustion
efficiencies, but that, if high performance over a wide range of fuel-
eir retios is desired, gradusl admission of combustlion air rather than
complete premixing appears to be prefershle., Furthermore, the results
obtained here and in other investigations (e.g., ref. 1) indiecate that
other design factors, such as combustor size, limit maximum combustor
performance. : - :
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CONCLUDING REMARKS

In an investigation designed to evaluate the merits of a combustor
design principle that provides for prevaporizing and premixing of the
fuel with alr before its introduction into the combustion zone, an ex-
perimental prevaporizing combustor was developed which produced maximum
combustion efficlencies slightly greater than 90 percent at all fest
conditions. Although the performance of this combustor was apprecisbly
better at low fuel-sir ratios than that of a production-model combustor
of the same slze, experience has shown thet similar improvements 1n the
performance of the production-model combustor caen be obtained by other,
simpler means. Furthermore, since the experimental combustor was de-
signed for high-altitude operation only, design changes would prohably
be necessary in ordexr to provide satisfactory operation over the entire
range of flight conditions normally encountered.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Chio, September 10, 1854
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TABLE I. - FUEL ANALYSIS

Fuel properties

MIL-F-56244, grade JP-4
(NACA fuel 52-53)

A.S.T.M. distillation D86-46, OF
Initial boiling point
Percent evaporated

5
10
20
30
40
50
60
70
80
30

Final bolling polnt
Residue, percent
Loss, percent

Aromatics, percent by volume
A.S.T.M. D-875-46T
Silica gel

Specific gravity

Viscosity, centistokes at 100° F
Reid vapor pressure, 1b/sq in.
Hydrogen-carbon ratio

Net heat of combustion, Btu/lb

136

183
200
225
244
263
278
301
321
347
400

498
1.2
0.7

8.5
10.7

0.757
0.762
2.9
0.170
18,700




TAHLE II, - PERFORMANGE DATA OF SELICTED EXPERINENTAL COMBUITORS

Combuator- | Combomtar- Mr-flow | Air-flow | Combustor | Fuel-flow | Fusl-noszle | Fuel-alr |Mean Mean temper- |Combumtion | Total-
inlet total | inlet total | rate rate par | raferencs | rute, pres;murs ratio conbugtor-| ature rise efficlancy,| pressure
[pressure, tamperaturs, l'b/;oo unit veloolty, 1b/bre drop ogtlet through percent |drop
in. Hg abe °r ares, ft/se0 1b/;q 1n. tempera- | combustor, through
1n/(wac) tare, op combuA tor,
(sq %) . °R tn. Hg
Configuretion I; fusl, MIE-F-B4R4d, grads JP-4
1] 1%.0 188 0.571 2.138 78,15 — - [ a—— e - m— 0.6471
2| 15.0 128 572 2.142 8.8 4.5 7.0 0.01149 1470 742 87.Q 8140
3| 1d.0 728 572 2.142 78.29 20.8 7.0 .0101a 1390 882 90.8 L7666
4} 15.0 751 ;578 2.142 78,81 33.3 11.0 . 01617 1880 09 82,0 .BEES
5! 18,0 738 672 2,242 76.59 38.7 14.0 .01880 1790 1082 81.7 9358
& 18,0 728 878 2.142 78.29 4£.9 17.0 Q2084 194D e 8a.1 1.164
7} 1%.0 128 '5’§ 2.142 78.20 4£.0 24.0 {12380 2001} 1362 5.3 1.178
8! 4.0 730 i-57 2,142 74.50 8k.2 52,0 G068 2lag 1485 82.0 1,0m
13 15.;41 % BTN 2.1;; 11&1.;.- 24.3 lg.o .msoﬂg' . 1280 5'-,.;2 &n.a '1.23
. T 2.7 -y 38.0 . ; 4.1 1.8
n ﬂ.o e oz 1zan haa.t 3, m.g 1 .ﬁm ﬁ 56 83.8 %419
16.1 728, 742 | L2017 |00, gl.8 ar.0 a5 1835 1107 B3.2 - L.478
18.0 730 L742 2.7 |[1o01.8 8.2 58.4 .02218 2020 190 86,1 1.948
18,0 730 LT42 2.7 [101.8 a5.3 .0 02482 2080 1350 6l.2 1.765
. 18.0 728 1960 5.620 . |1%2.8 4.1 17.g s | 1480 752 85.8 2.348
| 1§.c¢- 729 ! 989 3.828 |l3gs 8.0 14, L0054 - 136d 852 4.5 2,957
'+ 18.a 724 L B89 3,829 | 1%2.6 31.5 10.0 009 1200 178 71.3 . | 2.164
16,0 728 KT 5.828 }152.6 | 48.0 22.00 01578 1550 822 8e.1 2.419
1E6.0, 78 989 2.628 152.6 584 " 1.2 -Q817 18£0 932 a2.2 2.507
RO 728 .989 3,828 | 154.8 | 88.4 47.0 %{” 178 1067 78.0 2574
k 15.3 Lt 768 ..969, 3,828 | 1sa.8. R 74.0 56.0 T 194 nie 76,8 2.6u4
ioa 7R 387 1.487 [101.8 i aR. N L1803 [ FLe40 12 2.6 [ .em5
8.0 728 397 1.487 1cd.9 2.5 ——— 1410 882 52.5 s
B.0. 728 . 387 1,487 im.a , 33.8 10.5 . . 1780 1085 8.4 || .s1eL
3.0 R8 387 1,487 01.9 . 35.4 10.8 02477 1780 1062 £3.0 L .8118
8.4 TR: | .-387 1.487 |10.% 30.0 10.8 . Q2098 16e¢ L 95g 8.8 [ .971d
8,0 726 | 1.397 1.487 [10].9 | 4l.6 11.8 (2011 1830 102 56.4 I .e19)
8.0 728 307 1.487 |201l.8 .1 1.5 . G5088 1850 12 545§ .98
. Oonfiguration I1; fusl, WIL-P-58244, grade JP-4
15.0 728 Q.570 2.155 70,01 —— E— —— - . — 0,5538
8.0 708 [ 1.488 | 10%.6 —— - e - — JEEL3
18.8. %8 .E70 2.155 78,01 19.9 —_— 0.00970 1395 537 a4.8 ,6TES
15.0 728 .57Q 2,158 78.01 18.0 —_— " 00877 1295 587 88,8 .6218
18.0 724 570 2. 78,01 26.9 - 1.0 01311 1520 198 84,8 6385
8.4 .78 570 2.155 78.01 %2.0 9.0 01859 1660 932 45,2 .T08
1%.0 728 570, | 2.135 78.01 57.8 14.0 .0la42 1800 1078 84.2 L7574
16.0 728 570 | 2,185 78.01 43.0 19.0 02058 1920 1182 45.4 7888
15.0 728 B7Q 2,155 74.00 50.8 2,0 ONT8 2000 1382 ap.2 . +8238
15,0 788 47 2.798 |1l08.2 2a.1 —— .00az2 1250 gan 88,8 1.088
15.0 728 48 2.7%0 | 103.0 28,3, 8.0 (1058 1410 482 89,5 1.128
w| 15.0 728 JT4E 2.790 | 1Q8.0 58.1 14.0 .OLezl 1810 892 wl.8 1.1484
a4 15.0 708 45 2,780 | 168.0 45.9 22.0 Ll 1780 1032 e8.7 1.243
42! 15,0 128 .743 2.78% |10).7 4.5 35.Q 00048 1950, 1202 86.9 1.338
@l 1.4 Yoms L 7N 2.783 - |100.7 85,0 7.0 OO AL 1382 83.0 1.378
] 15.0 7% 965 5.614 | 1321 2.0 8.0 00833 1230 832.0 1.880
4] 1s.0 728 .85 [ 3.614 [13£.1 37.1 . 12.0 .01085 2405 417 87.8 1.919
4| 1s.0 728 .96% 5.614 [13p.1 43.9 22.0 321 1880 852 as.3 2.029
471} 1B.0 728 965 5.614 |1zl 8a.q 37.0 870 17%0 1028 87.9 2.118
4| 1m0 788 KT 3.614 |13a.1 71.1 57.0 02047 1010 ne2 B4.5 .2
4| 18.0 728 985 .64 |132.1 62.8 1.0 . 022gE mz2 81.8 2.384
BQ 8.0 728 400 | 1.498  [102.6 a8.9 — .01668 1756 1027 79.4 7219
51 8.0 728 400 1.493 [102.5 22.1 — .01338 1820 [T} 82,8 .Ba38
E2 8.0 778 400 - F 148 |lc2.8 15.9 —_— (01362 1550 pas 85.2 -A788
55 a.0 728 400 | 1498 |l02.8 17.7 — .al 1850 e di.4 6881
54 8.0 728 400 1.498 |2102.8 17.0 — 01181 1520 792 95.8 .881E
35 8.0 728 400 1.498 |302.8 2.4 — 02042 1a10 3082 ;7-1 7878
38 a.g ™ g 1.408  L1DR.E. =B — e 1182 8.3 JTART
87| a. 128 . f 148 |10R.8 | .§ 12.8 . 1980 1oe2 2.7 7674
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TARLE IT. - (oncluded., PERFOANANCE DATA OF SELECYED EUFERTMENTAL COMBUSTONA

OTIPSE WY VOV

Fon [ Gostbus t or— o= Al-ITow | Alr-Ilow | Combuator | Fusl=flow | Fuel-noxsle | Fual-aixr | Hesn Mean teaper- | OCombustion |Total-
inlat total | inlet total |rate, rata par | rafersnce | rate, proasure ratio conbustar— | aturs riss effiglency, | presmire
presmure, t-pus:tnu-c, 1b/se0 |unit veloolity, 1b/br | drop, oatlat through perosnd | drop

in, Hg abs arsn, £t/880 1b/aq in. tAmpert- uon“;m-, through
1n/(seq t:urai sombustor,
(aq zt) in. Hg
Donfigueation IIL; fusl, WII-P-B&24A, grade JP-4
58 15.0 728 0.570 2,138 78,01 || - —— e —— - ——— 0.6176
B9 1%5.0 788 870 2,135 78.01 16.1 r—— C.00882 1530 802 3.8 »7152
80 15.0 70 571 2,138 78.16 .1 m—— 01124 1480 738 80.8 JTare
81 16.0 08 573 2,148 79.48 28.9 8 . 01401 1806 ar7 BE,F JTBAT
82 15.0 ki 578 2.148 . T8.42 38.2 18 201708 1780 1052 87,0 .8018
83 15.0 78 G578 £.148 78.42 41.3 18 . ORORE 1920 1192 86,1 8458
84| 15,0 708 573 2.148 78,42 El.Q 29 0472 | 7126 1397 84.8 .8897
88| 15.0 728 g 2.787 101.8 20,8 —— .007688 | 1e00 70 85.8 1,147
68 16.0 728 + Tk, 2,787 101.8 21.3 T .a1019 1400 8782 1.2 1.191
g7 15.0 728 + Ty 2.787 101.8 35.8 12 .01337 1585 867 #0.4 1.250.
L] 18,0 T28 .7 2.787 101.8 441 20 01847 1780 l0n2 80,0 1.338
89 18,0 728 ST 2,787 101.8 52.9 50 .01975 | 1928 a7 88,6 1.397
70 15.0 728 T4 2,787 - 101.8 &2.0 43 . 16 L0838 1537 a7.2 1.471
71 15.0 788 884 3.610 - 131,8 26.9 ? < 00833 1e35 50T 83.0 1.083
R 15.0 788 884 3.610 131.9 36.9 14 .Qlo8s [ 1420 a9 #0.2 2.185
™ 16.0° T28 N:L1} 3.510 131.9 48.0 21 01287 1570 a4 ! 21.4 £2.208
74 15.0 188 .Bes 3.418 152.2 L8] | 38 01638 1780 1038 60,8 2.309
76 18.0 168 -.988 5.818 130.2 . 84,0 b2 01955 1910 1180 B8.2 2.412
w150 108 986 | 3,618 32,2 _[ so.8 75 L0216 [ 2090 1232 ge.3 2.57¢
77 15.0 728 988 5,818 132,2 . 88.7 | as 02464 2080 1332 80.8 2.847
78 a.0 188 598 1,485 101.8 . 18.5 P 0197 1880 a6g 82,5 « 7383
0 8.0 728 306 1.483 1Q1.¢ 2.0 Ve ,01813 169y 087 a8.7 17674
80 8.0 724 598 1,483 101.6 L 27.0 — 01493 1780 1058 80.4 T84
alL 8.0 728 . 1,468 lal,.8 351 10,5 «0e5al 191G 1182 76.1 6088
az 8.0 128 S0 1.483 12,8 .8 12.5 . [T\ 1930 1802 7.0 .8a55
Configuration IXI; fusl, gasacus propana
[iN] 15.0 708 0.pa7 3.882 152.5 5.4 —— 0.,00769 1250 E0R 4.8 £.007
B4| 15,0 708 987 3.822 152.3 5.4 — L00875 | 1085 587 §8.3 1.985
BE 15.0 708 987 3.602 132,3 51.7 —— .00010 137 847 92,3 2.103
86 15.0 768 987 5.8e2 152.3 42,3 — 01218 &8 90.6 2,208
a7 15,0 724 987 S.822 152.3 52,8 —— 01811 1740 a2 80.4 2.318
aa 15.0 7e8 987 3.622 152.3 45,9 ——— 01855 1618 1187 89.0 2.815
a9 15.0 7€8 .987 5,802 152,35 7.8 ———— L0RQL7 2040 118 ae.9 2.598
90 18,0 78 S8BT 5.682 138.3 al.4 ——— . 02537 1880 1152 a7.4 2.574
91 15.0 TeB JT48 .77 101,48 10,5 — L0788 1820 ap a7.1 1.147
2 16,0 720 4R 2.771 101.6 20.0 B ] 01048 1458 727 80,8 1.218
293 18.0 728 TR £.779 101.8 38.4 —— 01324 1850 80g 80.9 1.872
94 15.0 728 LT42 2,77 101.8 41.5 —_— 01854 1780 lqs2 89,8 1.300
5 15.0 28 <742 2.779 101.8 468.3 —— QLE4E 1918 1187 88,6 1.368
28 15.0 728 142 2.779 101.8 65.5 —— 02377 270 lédd B88.0 1.581
87 15.0 672 2,142 78,29 1a.9 ——— 00817 1388 857 3.1 . 7208
§B 15.0 726 572 2.142 0. 88 as,.7 — » 01245 15870 842 88.7 772
99 15.0 128 572 2142 8. 29 35,8 — +016831 1770 1042 aa.? yTHAL

100 15.0 7e8 572 2.1 T4, 39.7 —_—— .01P28 1820 1182 8B.3 .838g

101 18.0 788 572 2.142 70.89 49,6 ——— 02407 B0 1428 as.7 -2338

109 15,0 728 SR £.142 78.£9 1x.8 = .0 1130 402 77.8 6785

103 15.0 788 .1} 2.143 78.£9 19.5 ———r 00038 1370 adz 80.% . 7058

104 16.0 728 572 2.142 76,89 .3 -—— Ol 1550 B8z2 88,7 «THTE

105 18.0 128 o782 2.142 78.29 37.0 ———— Q1 1840 nig 84,8 ]

108 a.0 -] 507 1.487 101.9 11.1 —— 00778 145 487 80.8 + 8644

107 8.0 708 587 1.487 101.8 1%.8 ——— 00962 1370 86.8 8858

108 8.0 TR0 597 1.487 101.8 14.8 — Q1518 1580 ase 85,8 7152

109 8.0 728 »597 1.487 101.9 85.5 —— ,01797 1765 1057 80.7 778

110 a.0 726 597 1.487 ] .2 ~—rr— . 1660 1162 8.8 8308

111 8,0 708 .597 1.487 101.9 51,7 —— ,02018 | 1740 lolz 82.9 »6603

112 8,0 788 397 1.487 101.9 10.0 — .00700 1010 28p 61l.1 8177




Experimental combustor

Regulating

valves

Section A-Aj : Section B-B; Section C-Cj Saction D-DI;
Flectric combustor-inlet combustor-inlet combustar-outlet combustor-cutlet
combuetion- total-pressure  thermocouples thermocouples total-pressure
sir heatar tubes tubes

Altitude
exhanst

A7 meamring orifice.

Figure 1. - Experimental-combustor installation, showing inlet and outlet ducting and instrmentation stetions.
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NACA RM ES54I1C SONDERER.

5% —20"

4 Secondary-air slots

Fuel injector spark plug

15

-\ T T
—_— —
‘ \ T 7II
J— in 5
TS| %
_ . — __ Z !
" _/ \_ X-Reversing sCO0pSs
Vaporizing cone Truncated-
cone baffle

(a) Configuration I , featuring complete separation of primery
and dilution air. )
24 Secondary-sair

/ holes, 5/8" diam.
A

o Jd o o

© O 1

e e a e

|

H

(b) Configuration II, featuring changes in reversing scoops
end baffle plate and eddition of secondary-air. holes.

Swirl generator—L . g
(= (=]
= ©
(=] S

|

==
CD-3858

(c) Configuration ITI, featuring swirl generator.

Figure 2. - Sketches of experimental prevaporizing combustors.



Flgure 3. - Cutaway view of comfiguretion III.
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Combuetion efficiency, percent

90
[ ]
o ] Blow-out
L2 a
&0 o
70
(a) Condition A, Alr-flow rate, 2.78 pounds per seoond per squars foot; inlet-alr totsl premsure, 15 Inchss of
marowry absolute.
t |
70,
) -‘--
L
o™~
60 f/P \1@_;\
: °\\\
50
.008 ,010 .012 014 .018

018 . .020 022 .024 026 .028 030 052
Fusl-air ratio .

(b) Condition B, Alr-flow rate, 1,49 pounds per sscond per square foob; inlet-air totel preesure, & inches of

mercury shaclute.

Flagure 4. - Combustion efficlency of experimental combustor configmretion I. Inlet-air temperature, 268° ¥; fuel,

MIL-F-5624A, grade JP-4.

) : T9% ~

8T

OTI%¥SE Wd VOVN




Combustlon efficiency, percent
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34861
100 ; T T
——ey Blow-out
90
\ o ~
-ﬁ.__|_-_- 4]
0 (o] 0
80 -

(e) Condition C. Air-flow rate, 2.14 pounds per second per square foot; inlet-alr total p:ressm'é,

15 inches of mercury absclute.

90

j—_o'\

J 4 Tl

okt

.008 L010 .012 014 .0l8 T.018
Fuel-elr ratio

lom

.022 .024 .028

.028

(d) Condition D. Alr-flow rate, 5.62 pounds per second per square foot; lnlet-eir totel pressure,

15 inches of mercury shsolute.

Mgure 4. - Concluded, Combustion effliciency of experimental combustor configuration I.

air tempersture, 268° F; fuel, MIL-F-5624A, grade JP-4.

Inlet-
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Ccumbustion efficlency, percent

Fuel-alr ratic

100
20 )
i [}
e -
8 :
(a) Condition A. Alr-flow rate, 2.78 pounds per second per squere foot; inlet-alr total pressure, 1S5
. 1inches of wercury absolute.
100
90 \\
\__\
[+)
o
80 0
\\*
——
n"‘-*----c:a--..___,_____“
70
.008 .010 032 .OL4 016 »018 020 .022 .024 026 .028 030

(b) Condition B. Alr-flow rate, 1.49 pounds per gecond per square foot; inlet-alr, total pressure, 8 inches

of mercury sbeoluta.

Flgure 5. - Combustion efficiency of experimental conbustor configuration IT. Inlet-air temperature,

268° ¥; fuel, MIL-F~5624A, grade JP-4.
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Coabustion effilciency, percent

3461

80

Q
o
-

80

70
(c) Condition €. Air-flow rate, 2.14 pounds per second per square foolb; lnlet-alr total pres-

sure, 15 inches of mercury absolute.

20
10 — | | i
o’/ B e
80 "'-—-ﬁ
70
.008 010 012 014 015 .018 .020 022 024 026 028

Fuel-alr ratio

(d) Conditlion D. Air-flow rate, 3.62 pounds per second per square foot; inlet-alr total pressure,
15 inches of mercury sbsolute.

Figure 5. ~ Concluded. Combustion efficiency of experimental combustor configuration II. Inlet-
alr temperature, 26680 F; fuel, MIL~F-5624A, grade JP-4.

OTIFSE WY VOVN

T2



Conmbuetion efficiency, percent

100

90 ".:r*

sure, 15 inches of mercury absolute.

(a) Condition A. Air-flow rate, 2.78 pounds per second per square foot; inlet-alr total pres-

100
a
890
\b\
*‘\h
80
.
\
\‘-_ o

\-v
T0

008 .008 010 012 .0l14 018 .018 020 022 .024

Fuel-alr ratio

.026

(b) Condition B. Alr-flow rate, 1.49 pounds per second per square foot; inlet-air total pres-

sure, 8 inches of mercury absolute.

Flgure 6. - Combustion efficiency of experimental combustor configuratlon III.

perature, 268° Fj fuel, MIL-F-5624A, grade JP-4.

Inlet-alr tem-
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100
O
% g0 B
)] —
o —
LY
g
80
g , (e) Condition C. Afir-flow rate, 2.14 pounds per second per square foot; inlet-air
o total pressure, 15 inches of mercury absolute.
B
d 100 I |
§ m——f Blow~out
§ 90 ~] - _\\_
-.l-
P / -..__‘_\‘
o \D
a0
.008 010 012 .014 .016 .018 .020 .022 .024

Fuel-alr ratio

.026

(4) Condition D. Alr-flow rate, 3.62 pounds per second per squere foot; inlet-air total
prassure, 15 inches of mercury absolute.

Flgure 6. - Concluded. Combustion efficiency of experimental combustor conflgura-

tion IIT. Inlet-ailr temperature, 268° F; fuel, MIL-F-5824A, grade JP-&.

OTI¥SHE Wa VOVN

2




Combustion efficiency, percent

100
80 p— ? —~ —
o"‘-":’ "0 — e |
7’ I —
80
(a) Condition A. Afr-flow rate, 2.78 pounds per second per square foot; inlet-aix total pressure,
15 inchea of mercury shsolute.
100
™
~
90 ~
o ~ L
//-' o "—h\_‘“‘:. -
80 o \U‘:;._
<=
N o
: I
10 Fropase | A\
—r—a—— Liquid MIL-F-56244, \
grads JP-4 \
A)
60 .
.006 .008 -C10 .0l12 .0l4 .016 .018 .020 .022 024
Fuel-elr ratlo

(b) Condition B. Afr-flow rate, 1.49 pounds per second per squere foot; inlat-air total pressure,

8 inches of mercury absclute.

028

Fgure 7. - Combustion efficiency of experimental cawbustor comflguration III with liquid and

gasecus fuel. Inlet-alr temperature, 268° F.
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Combustion efficlency, percent

100 &
5
P~ E
80 - '-h-.?i--—.._____\_ E
/ s — = I P B
% 1 = °

80

d
70

3461

(e) Confition C. Adr-flow rate, 2.14 poumds per second per square foot; Iinlet-alr totel pressurs,
15 inches of merc sbaolute,

80 . T bl il - I~
/ P h..ﬁ\
Ve B
A \\ LS -
) Fuel N
J e = T4 quid HIL-F-56244 \
s greds JP-4 ’ ]
~f Blow-out

)

008 008 010 .012 .014 016 018 020 022 024 026
Fuel-alr ratlo -

(@) Condition D. Air-flow rate, 3.82 pounds pexr second per square foot) inlst-sir total pressure,
15 inches of mercury sbsolute.

Plgure 7. = Concluded. Combustion efficiency of experimental casbustar configimration ITT with
11quld snd gasecus fusl. Inlst-alr tewpersture, 288° F.
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Total-pressure loss

Terence veloclty pressure

e e—

Re

26
‘/ o
A'é . <
- /A, - 0/"/
A @ |
22 .Y M B
- 0] o
’«a/%
| )/,/EI" °
o
| o
= R
o | s ' Test Inlet-atir
e ] condltlion pressure, |
L . in. Hg abs
» -
el - ’ C A 1-5
|- —aef e c 15
O e D 15
- — —— —Reference production-
model combustor
10 1 | L | |
1.0 1.4 1.8 2.2 2.6 3.0 3.4 3.8

Retlo of combustor-inlet to ~outlet gas density

Figure 8. - Comperigon of total-pressure losses of experimental combustor conflguration
ITT end production-model combustor. Inlet-air tempersture, 268° F; fuel, MIL-F-5624A,
grade JP-4.
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Combustion sfficiency, peroent

!
|
i
1
i
i
T
| ¢

A

Vid e Qo lguration TIT .
— —— = Profuction mofel {ref. 5)
e — — Profurtion modal plun fual

~ daxs (ref. 5)
: ——/ Blow-ont
I O N O I

(s}soonditinn A, AMr-flow rate, 2,78 pounds per sscond per sguare foot; inlet-air total pressure,

Rl
T
\L\
[~
\
T
\\‘
Poa— " e .4
- <=
d/
-
e
-
L
o’
/f
.008 010 Nail: 014 .018 018 Q20D 028 08¢ Q28 028 050
Pual-alr ratio

(b) Condition B. Alr-flow rete, L1.49 pounds per second per square foot; inlet-air total preasura, &
inchas of mercyry sbsaluts.

rigmﬂ.-c!mrismufeanmm mmm--dwmmmuanmlm Tnlet-
, 262° F; fuel, MIL-F-H8B4A, gede JP-4.
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Combustion efficlency, perceant

3461 -

P\‘\
T P s N s el e B
— 1 =
// .--“"'.—_‘ h—f
A ,4"r
y
/ -
- Coslbuisrtors
l”
|~ w— w~— Profucticn model (yaf. 5)
- —— e Production wodsl plus fusl
P dama (raf, 5)
| - ——f Blow-oub
P
(4
P

{c} Cooditdon §. Air-flow rate, 2,14 pounds par second per square foot; inlet-alr total pressure, 15

1" o

008 .010 L2 L1k 018 018 20 ,0B2 024
Fuel-air matio

028 028 030

(4) Condition D. Alx-flow rate, 5.52 poumds psr second par aquare footj inlet-air total gressure, 15

inohes af mercury sbaolute.

Plgure 9. - Concluded. Comperison of cosburtion efficiencies aof experimentel and produotion-wodsl comtus-

torn. Tnlat-alr temporetive, 266° F) fuel, MIL-F-5524A, groda JP-&.
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